We present the analysis of 205 spatially resolved measurements of the surface composition of Mercury from MESSENGER's X-Ray Spectrometer. The surface footprints of these measurements are categorized according to geological terrain. Northern smooth plains deposits and the plains interior to the Caloris basin differ compositionally from older terrain on Mercury. The older terrain generally has higher Mg/Si, S/Si, and Ca/Si ratios, and a lower Al/Si ratio than the smooth plains. Mercury's surface mineralogy is likely dominated by high-Mg mafic minerals (e.g., enstatite), plagioclase feldspar, and lesser amounts of Ca, Mg, and/or Fe sulfides (e.g., oldhamite). The compositional difference between the volcanic smooth plains and the older terrain reflects different abundances of these minerals and points to the crystallization of the smooth plains from a more chemically evolved magma source. High-degree partial melts of enstatite chondrite material provide a generally good compositional and mineralogical match for much of the surface of Mercury. An exception is Fe, for which the low surface abundance on Mercury is still higher than that of melts from enstatite chondrites and may indicate an exogenous contribution from meteoroid impacts.
Introduction
[2] The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft has been in orbit around the innermost planet since 18 March 2011. Early chemical remote sensing measurements made from orbit by MESSENGER's X-Ray Spectrometer (XRS) and Gamma-Ray Spectrometer (GRS) revealed that Mercury's surface is Mg-rich but Al-and Ca-poor compared with typical terrestrial and lunar crustal material, and that in terms of these elements the bulk surface is intermediate between low-Fe basaltic and komatiitic compositions . Measured surface abundances of K [Peplowski et al., 2011] and S indicate that Mercury is not depleted in volatile elements relative to the other terrestrial planets, although this inference has been questioned [McCubbin et al., 2012] . This chemical characterization places important constraints on the formation and early history of Mercury. Scenarios by which Mercury formed under highly reducing conditions, perhaps from material akin to the enstatite chondrites (albeit with higher density) , or from materials originally derived from comet-like anhydrous interplanetary dust particles that may also represent enstatite chondrite precursor material [Ebel and Alexander, 2011] , have been proposed to account for the orbital observations.
[3] From Mariner 10 images, multiple geologic units were identified on the basis of their morphology and superposition relations, e.g., intercrater plains, heavily cratered terrain, and smooth plains (the last of which is characterized by flat to gently rolling plains, containing numerous wrinkle ridges and fewer impact craters than the intercrater plains) [Trask and Guest, 1975; Spudis and Guest, 1988] . From Mercury Dual Imaging System (MDIS) color data obtained during MESSENGER's first two Mercury flybys, Denevi et al.
[2009] mapped lateral heterogeneities in color and, by inference, surface crustal composition. Three units were distinguished on the basis of spectral slope, relative reflectance, and morphology: (i) smooth plains, (ii) intermediate terrain, and (iii) low-reflectance material. The smooth plains units tend to fill low-lying areas [Denevi et al., 2009] and have lower densities of impact craters [Strom et al., 2008] . Approximately 40% of Mercury's surface is covered by the smooth plains material [Denevi et al., 2009] , and although these deposits are widely distributed, two large expanses of smooth plains are associated with the Caloris impact basin [Murchie et al., 2008] and the northern lowlands [Head et al., 2011; Zuber et al., 2012] . MESSENGER flyby and orbital data have confirmed the volcanic origin of most smooth plains units [Robinson and Lucey, 1997; Head et al., 2008 Head et al., , 2011 Murchie et al., 2008] and indicate that volcanism played a major role in the evolution of Mercury's crust [Denevi et al., 2009] .
[4] Although the first reports of orbital geochemical observations at Mercury largely concerned the global-scale surface composition of Mercury and its implications for planetary formation Peplowski et al., 2011] , one XRS measurement presented by Nittler et al. [2011] provided $100 km-scale resolution and suggested a difference in chemical composition between the northern smooth plains and the surrounding terrain. In this paper, we extend the analysis of MESSENGER XRS observations to a larger data set, one with sufficient spatial resolution to investigate regional-scale variations in surface composition in greater detail. A substantial proportion of the new XRS data reported here are from the northern smooth plains and the surrounding terrain, which is higher in crater density and therefore older than the smooth plains. We also include in the analysis a small amount of data from within, and adjacent to, the Caloris basin. Although Mariner 10 coverage does not include most of the region spanned by XRS data reported here, the terrain characteristics defined by Trask and Guest [1975] in their geological mapping allow us to classify the areas surrounding the northern smooth plains as a combination of intercrater plains and heavily cratered terrain (here abbreviated as IcP-HCT). In this paper we focus primarily on documented differences in chemical composition between the northern smooth plains units and the adjoining IcP-HCT. The results presented here complement the earlier work of Nittler et al. [2011] .
MESSENGER X-Ray Spectrometer
[5] The abundances of major elements in the uppermost regolith (i.e., top $100 mm) of planetary bodies in the inner solar system that do not possess an atmosphere can be measured through the technique of planetary X-ray fluorescence (XRF). When the flux of X-rays emitted from the solar corona is sufficient, atoms at the planet's surface are excited, and fluorescent X-rays, characteristic of the source atom, are emitted. The fluorescent X-rays can be detected by an orbiting XRS, and this information, combined with knowledge of the highly variable [e.g., Donnelly, 1976; Bouwer, 1983; Crosby et al., 1993] incident solar X-ray spectrum (usually measured by an accompanying solar monitor), allows quantitative estimates of major rock-forming elemental abundance ratios in the surface material to be made. X-ray spectrometers have been included as part of the payloads on several missions to the Moon (e.g., Apollo 15 and 16 [Adler et al., 1973] , SMART-1 [Grande et al., 2007; Swinyard et al., 2009] , SELENE [Okada et al., 2002] , and Chandrayaan-1 [Narendranath et al., 2011; Weider et al., 2012] ); asteroids (NEAR-Shoemaker [Trombka et al., 2000; Nittler et al., 2001; Foley et al., 2006; Lim and Nittler, 2009] , and Hayabusa [Okada et al., 2006] ); and now Mercury with the MESSENGER X-Ray Spectrometer (XRS) and the instrument in development for the future BepiColombo mission [Fraser et al., 2010] .
[6] The MESSENGER XRS consists of the Mercury X-ray Unit (MXU), which contains the three planet-facing gas-proportional counter (GPC) detectors, and the Solar Assembly for X-rays (SAX), which houses the solar-directed Si-PIN photodiode detector [Schlemm et al., 2007] . All four detectors have an energy range of $1-10 keV. Two of the GPC detectors have a thin foil placed in front of the detector: one of Mg, one of Al. The employment of this "balanced filter" [Starr et al., 2000] approach enables signals from Mg, Al, and Si in the XRS spectra to be resolved. The detector resolution at higher energies is sufficient to separate the characteristic peaks of the heavier elements (e.g., S, Ca, Ti, and Fe).
[7] The XRS spectral accumulation period is varied with the location of MESSENGER along its highly eccentric orbit. When MESSENGER is close to periapsis, over the northern hemisphere, the XRS integration intervals shorten (to a minimum of 20 s); when the spacecraft is far from the planet the intervals increase (up to 450 s). Collimators on the GPC detectors give XRS a hexagon-shaped 12 field of view [Schlemm et al., 2007] , corresponding to a measurement "footprint" size on the surface ranging from <100 km in equivalent diameter at periapsis to >3000 km far from the planet. These dimensions are expressed in terms of the diameter of a circular footprint with the same area as the actual hexagon-shaped footprint, which is generally somewhat elongated along the ground track direction (though this effect is small; see Figure 3 ). The changing spacecraft altitude and instrument integration period therefore result in XRS measurements with varying spatial resolution on Mercury's surface, with the best spatial resolution at high northern latitudes.
[8] During typical solar conditions the incident X-ray flux to Mercury's surface is sufficient to induce fluorescence of elements up to an energy of $2 keV (i.e., Mg, Al, and Si). During solar flares, the incident X-ray spectrum "hardens" and XRF from elements that fluoresce at higher energies occurs and can be detected. Nittler et al. [2011] presented results from solar-flare-induced XRF observations that were made almost exclusively when the spacecraft was in highaltitude portions of its orbit. Data presented in this paper were obtained during solar flares that occurred when MESSENGER was closer to periapsis. These measurements therefore have generally better spatial resolution on the surface of Mercury than those reported by Nittler et al. [2011] .
Methodology
[9] In this work we analyzed XRF data from 16 solar flares that occurred prior to the end of 2011 (Table 1) and during which the MESSENGER spacecraft was at low altitudes (all integration times are less than 100 s; the majority are 20 s or 40 s). The XRS GPC spectra chosen for this study contain analyzable signals within individual integration periods for elements with energies up to at least that of Ca (3.2 keV). We excluded any GPC spectra that show obvious fluorescence and bremsstrahlung contamination from energetic electron events, during which $10-30 keV electrons interact with the XRS detectors and their constituent materials [Ho et al., 2011 Starr et al., 2012] . Exceptions to these selection criteria are the Caloris basin data. The individual GPC spectra for these two flares do exhibit Ca fluorescence, but at too low a level for reliable analysis. However, co-addition of spectra from several integrations provides sufficient signal to noise for Ca abundances to be determined for these flares. These spectra also show evidence for possible contamination by electrons, namely an elevated continuum at high energy suggestive of Cu fluorescence from the XRS collimators. Details of the analysis for the Caloris basin data are given in section 4.2. For all of the data, we used the forward modeling procedure of Nittler et al. [2011] to fit the incident solar and planetary XRF spectra and to generate elemental abundances for the regions observed, as described briefly in the following sections.
Fundamental Parameters
[10] An analytical fundamental parameters approach [e.g., Clark and Trombka, 1997; Nittler et al., 2001 ] was employed to calculate theoretical fluorescence spectra, which were compared with the measured GPC spectra. In this calculation the fluorescence intensity of a given element in a spectrum depends on several factors: the shape and magnitude of the incident spectrum, the viewing geometry with which the observation is made, atomic physics parameters, and the concentrations of all constituent elements in the target. The XRS GPC spectra contain a contribution from scattered solar X-rays in addition to the fluorescent X-rays from Mercury's surface. These scattered X-rays must also be treated in the modeling in order to provide accurate abundance estimates.
We use a theoretical formulation that incorporates the measurement viewing geometry and was derived from that of Clark and Trombka [1997] to determine the intensity of coherently scattered X-rays.
Solar Spectrum
[11] The forward modeling of the fluorescent and scattered X-rays requires knowledge of the incident solar X-ray spectrum, which is composed of many narrow lines, each a few eV in width. The relatively low-resolution SAX spectrum acquired for each observation was modeled in order to generate an equivalent high-resolution spectrum, using the theoretical CHIANTI code [Dere et al., 1997] . The SAX spectrum modeling procedure involves: (i) fitting the lowenergy electronic background to a power law of the form: background = k Á channel -x , where k is a fitting parameter and the index x is derived from quiet solar conditions on the day of the observation; and (ii) fitting the spectrum by the variation of parameters that include the temperature of the plasma, the coronal abundances of elements with a low first ionization potential (as a group), and the coronal abundances of S, Ca, and Fe separately. Previous studies have indicated strong flare-to-flare variability in coronal elemental abundances [e.g., Fludra and Schmelz, 1999] , which affects the shape of the observed SAX spectra. Figure 1 displays three example solar spectra and their derived fits at a variety of temperatures. Our solar modeling approach is based on the assumption that the emitting plasma is isothermal, but it has been shown [Garcia, 1994] that the plasma during the prepeak period of a solar flare can have a multithermal nature. For this reason, following the practice used by Nittler et al. [2011] , only integrations of XRF signals after the temperature peak of a solar flare are included in the subsequent elemental abundance analysis.
Detector Background
[12] Interactions between galactic cosmic rays or solar energetic particles with the GPC detectors create a spectral background that must be removed prior to elemental abundance modeling. This background tends to remain constant in shape on a tens of hours timescale, but it varies in magnitude, particularly when MESSENGER is close to periapsis and Mercury blocks a substantial portion of the cosmic ray flux. Here we derived background spectra by summing all the GPC spectra from the (Earth) day of the solar flare observation being analyzed for which the instrument FOV did not intersect with any portion of the sunlit planet ("dark spectra"). The shape of this background (for each of the detectors) was then scaled, as part of the fitting procedure (see below), to the GPC XRF spectrum that was being modeled.
GPC Spectral Fitting
[13] We employed a nonlinear c 2 minimization routine, in which theoretical GPC spectra were repeatedly generated with varying parameters and compared with the measured spectrum until a best fit was obtained. Fixed modeling parameters included: (i) the high-resolution incident solar spectrum derived from SAX data (see section 3.2); and (ii) the viewing geometry (incidence, emission, and phase angles) for the observation. Fitting parameters included: Figure 1 . Three examples of fits to solar flare X-ray spectra measured by the SAX. The steeply inclined green line depicts the electronic background in the detector; the red line is the best fit solar spectrum (for the plasma temperature given in each case) convolved with the instrument response. The Ca and Fe line complexes (at $3.6 keV and $6.4 keV, respectively) increase in magnitude with temperature. MET = mission elapsed time, in s.
(i) elemental abundances (wt %) of Mg, Al, S, and Ca, as well as of Ti, Cr, Mn, and Fe for the largest flares; (ii) the energy calibration (the gain and energy of the zero channel) for and resolution of the detectors; and (iii) the magnitude of the detector background (see section 3.3). The relative abundance of Si was held fixed in the procedure, in order to ensure convergence of the fit. For each set of selected elemental abundances, an oxygen abundance, which cannot be measured by XRS, was assigned by the algorithm on the basis of typical reduced oxide stoichiometry. All elements were subsequently renormalized so that the sum of the weight percentages of the elemental oxides equaled 100%. The assumption of relatively constant Si is justified because of the small range of Si content in typical surface materials on the terrestrial planets, including Mercury . For the majority of integrations analyzed here, the three individual GPC spectra were fit separately to derive Mg and Al abundances. These values were then fixed in the modeling of a summed (all three GPC spectra) spectrum in order to obtain S and Ca abundances, as their signals are much lower in the individual GPC spectra. For some highsignal integration periods, all four elements could be modeled from the individual GPC spectra. The full elemental abundance modeling procedure was described by Nittler et al. [2011] . Figure 2 shows examples of fit summed XRF spectra for the three periods for which solar spectra are given in Figure 1 .
[14] Systematic uncertainties arising from the background subtraction and solar spectrum modeling procedures, as well as from limitations to the fundamental parameters approach, were discussed in full by Nittler et al. [2011] and are larger (typically 5-10% for element/Si ratios) than the statistical errors we show here. Our elemental results do not display any correlations with solar flare temperature or viewing geometry. Any systematic uncertainties inherent to the modeling procedure are therefore unlikely to change the relative offsets between the different analyses. The compositional variability between different flares is much larger than that between integrations within a single flare (when gross differences in the geological units viewed are not involved) and thus the XRS data can be used to determine and map heterogeneities in elemental abundances.
[15] It is possible that individual spectra contain signals from the interactions of energetic electrons [Ho et al., 2011 with the detectors. This is an additional source of systematic uncertainty that did not affect the data presented by Nittler et al. [2011] . Although we attempted to exclude such spectra, primarily through observations of strong fluorescence of Cu and/or Al from detector materials (the collimator and filter, respectively), it is possible that lower-level electron signals could go undetected and contribute fluorescent Mg and Al signals from the GPC filters to the analysis. The overall abundance of Al is relatively low on Mercury's surface, and so such background signals would have the largest effect on derived Al/Si ratios, which would thus be overestimated during energetic electron events. Energetic electrons are detected only when MESSENGER is close to the planet . The spectra analyzed by Nittler et al. [2011] were mainly acquired at large distances from the planet and thus were not susceptible to electroninduced spectral contamination. The range in the elemental ratios derived here (see section 4) and those reported by Nittler et al. [2011] are in good agreement, indicating that electron-induced signals are generally not a major contributor to our data set. However, anomalously high Al/Si ratios for some individual spectra cannot be ruled out, as discussed for the Caloris basin data in section 4.2.
Results
[16] The 205 individual XRS measurements analyzed here (data are tabulated in the auxiliary material) can be split into five groups according to the geological terrain on which their corresponding footprints lie.
1 As illustrated in Figure 3 , these footprints lie on (i) the northern smooth plains, (ii) the surrounding terrain and other samples of IcP-HCT, (iii) some combination of both, (iv) the interior smooth plains of the Caloris basin, or (v) a combination of the circum-Caloris smooth plains and IcP-HCT. The derived elemental abundances, expressed as elemental weight ratios with respect to Si, are displayed in Figure 4 . Results are presented for the northern smooth plains and IcP-HCT in section 4.1 and for the vicinity of the Caloris basin in section 4.2.
Northern Plains and Surrounding Terrain
[17] Chemical differences between the northern plains and the older surrounding regions are clearly indicated in Figure 4 . These differences are highlighted by the histograms in Figure 5 and by the statistics given in Table 2 . The data indicate that the IcP-HCT have, on average, higher Mg/Si, S/Si, and Ca/Si ratios, and a lower Al/Si ratio, than the northern plains. These differences are most clear for Mg/Si and S/Si; the Al/Si and Ca/Si differences between the two terrains are smaller (see Table 2 ).
[18] There appear to be two clusters of data points for the older terrain (Figure 4a ): one with an Mg/Si ratio of $0.75 and an Al/Si ratio of $0.15, and another with Mg/Si and Al/Si ratios of $0.45 and $0.3, respectively. This bimodality is also clear in the histogram of Figure 5a and is discussed further in section 5.2. The sampled regions on Mercury's surface span a large range in compositions, one that is much larger, for example, than the range for terrestrial mid-ocean ridge basalts (MORB). As was previously observed from a much smaller data set , many of the sampled compositions in the older terrain are more similar to those of terrestrial komatiites, at least in terms of Mg/Si, Al/Si, and Ca/Si, than to terrestrial basalts.
Caloris Basin
[19] No XRS spectra from Caloris basin were selected when the criteria outlined in section 3 were applied. However, spectra with XRF signal up to Ca were obtained by co-adding several consecutive integrations from two solar flares on successive days (26 and 27 December 2011) in order to achieve sufficient signal-to-noise ratios. We coadded 11 spectra from the flare on 26 December 2011 and 10 spectra from the flare on 27 December 2011 (see Table 1 ) to obtain two summed spectra that were fit using the procedure described in section 3. Solar monitor spectra were fit separately for each individual integration period, and a weighted fit of the resulting best fit spectra was used as input to the fluorescence and scattering calculations. This use of an average solar spectrum may introduce some additional error to the analysis of the co-added XRS spectra, but any such error is expected to be small.
[20] The spectra from these two solar flares appear to contain contamination from electron events (i.e., there is Cu fluorescence evident in many of the integrations), and we therefore modeled the detector background differently from the procedure used for the rest of our data set (see section 3.3). Rather than using dark spectra to define the GPC backgrounds, the shape of the background signals for these spectra was determined by summing all the GPC spectra obtained from events with obvious electron-induced signals during December 2011. The magnitude of each GPC background was kept as a free parameter for the GPC fitting. The main effect of this non-standard background removal for the Caloris spectra was to yield Al/Si ratios about $80% of those generated from spectra that were treated in the standard manner. Undetected electron contamination may therefore lead to a $20% overestimate of Al/Si ratios for XRS spectra obtained close to Mercury, but as discussed earlier such a bias is unlikely to have affected the majority of our data.
[21] The footprints of the 26 and 27 December summed spectra lie within the Caloris basin [Fassett et al., 2009] (Figure 3 ) and its interior smooth plains deposits [cf. Murchie et al., 2008] . The means of the elemental ratio values derived from these summed spectra from the two flares are shown in Figure 4 . A separate integration from the 27 December 2011 flare has a footprint outside Caloris basin in an area consisting of a mixture of circum-Caloris smooth plains deposits and IcP-HCT. The GPC spectra for this integration were also modeled, and the derived elemental ratios are shown in Figure 4 . The Caloris interior smooth plains have a composition that is consistent with that for the northern smooth plains deposits. The mixture of circumCaloris plains and IcP-HCT is different from the interior smooth plains and is more similar to the other mixed terrains, insofar as having higher Mg/Si, Ca/Si, and lower Al/Si ratios.
Discussion

Possible Mineralogy
[22] The high Mg/Si ratio that we report, together with the low reported Fe/Si ratio , indicates that Mg-rich silicate minerals, such as enstatite and forsterite, dominate Mercury's surface. The correlation between Ca/Si and S/Si (Figure 4e ) is the best between any two of the elemental ratios and is consistent for both the northern plains and the surrounding older terrain. The slope of the line ($1) is close to that for oldhamite, (Ca,Mg,Fe)S (meteoritic oldhamite is close to the end-member CaS [Brearley and Jones, 1998 ], which has a Ca:S weight ratio of 1.25), and may therefore be evidence that both the northern plains material and the older terrain contain varying amounts of this sulfide mineral. From ground-based reflectance spectroscopy measurements, the presence of oldhamite on the surface of Mercury has previously been suggested [Sprague et al., 1995] . Moreover, oldhamite is ubiquitously found in enstatite chondrites as an accessory phase [Mason, 1966; Keil, 1968; Buseck and Holdsworth, 1972; Leitch and Smith, 1982; Rubin, 1983; El Goresy et al., 1988; Brearley and Jones, 1998 ], e.g., in chondrules and with metals and other sulfides in complex mineral assemblages [El Goresy et al., 1988] . Aubrite meteorites (enstatite achondrites) also commonly contain oldhamite as a minor phase [Mittlefehldt et al., 1998 ], although some clasts in certain aubrites contain abundant ($30%) oldhamite [Kurat et al., 1992; Wheelock et al., 1994; McCoy, 1998 ]. The occurrence of oldhamite within these meteorites indicates that this mineral is stable under highly reducing conditions [Ebel, 2006] . The sulfide-rich winonaite meteorites formed at slightly higher oxygen fugacities than the enstatite chondrites and do not contain oldhamite, but they also have much higher Fe abundances than the surface of Mercury [Benedix et al., 2005] .
[23] Although a correlation between Mg/Si and S/Si was noted by Nittler et al. [2011] from the early XRS results, such a relationship is less evident in our data (Figure 4d ). However, both the enstatite chondrites and the aubrites contain other sulfide phases (e.g., niningerite: MgS, and daubreelite: FeCr 2 S 4 ), and it is therefore possible that Mercury's surface contains other sulfides in addition to oldhamite. Moreover, the observation that Al/Si is slightly anti-correlated with S/Si (Figure 4f) indicates that oldhamite cannot be solely responsible for the Ca-S correlation since its abundance should not affect the Al/Si ratio. It is more likely that the Ca-S correlation reflects both the variable presence of CaS and the mixing of different silicate mineralogies (i.e., varying amounts of enstatite, forsterite, and plagioclase feldspar).
[24] Although the majority of the S may be contained within Ca-bearing sulfide phases, the majority of the Ca on Mercury's surface is likely contained within plagioclase feldspar (K. R. Stockstill-Cahill, Magnesium-rich crustal compositions on Mercury: Implications for magmatism from petrologic modeling, submitted to Journal of Geophysical Research, 2012). Ca/Si and Al/Si ratios do not correlate in Figure 4b as they would if Ca-rich plagioclase (anorthite, CaAl 2 Si 2 O 8 ) were the only Ca-and Al-bearing phase on Mercury's surface. It is possible that at least some of the Ca on Mercury's surface is found in one or more nonaluminous, non-sulfide phases, such as diopside (MgCaSi 2 O 6 ). Diopside has been inferred to be present by Sprague et al. [2002] at equatorial regions between 275
and 315 E from ground-based astronomical observations. Figure 4c hints at a possible correlation between Mg and Ca, at least for the IcP-HCT, which would be satisfied by a Ca-rich pyroxene. However, such a mineral would not account for the measured Al, particularly for the more Al-rich northern plains. Na-rich (NaAlSi 3 O 8 ) or K-rich (KAlSi 3 O 8 ) feldspar may therefore be present in the northern plains material; we explore these possibilities below.
[25] The X-ray K a energy of Na ($1.0 keV) is below the detection capability of XRS, and so no information on its abundance is available from the XRS data set. However, a nonspatially resolved measurement of Na by MESSENGER's GRS provides an estimated Na/Si ratio of $0.1 for Mercury's surface . This Na abundance would allow a substantial albite content and could account for a large proportion of the Al on Mercury's surface. It is also known that the abundances of neutral and ionized Na in Mercury's exosphere are spatially variable and enhanced at high latitudes [McClintock et al., 2009; Vervack et al., 2010; Zurbuchen et al., 2011] . However, it remains uncertain how the exosphere distributions relate to the interplay between source processes and variations in surface composition [e.g., Killen et al., 2001 Killen et al., , 2004 Mura et al., 2009] . We also note that albitic plagioclase constitutes up to $16% of aubrites [Watters and Prinz, 1979] .
[26] Although K can theoretically be detected by XRS as a low-energy shoulder on the Ca line if it is sufficiently abundant at the surface, only XRS spectra from the largest solar flares show any evidence for a K signal. The K abundance, however, remains difficult to quantify because of the possibility that Ca XRF causes secondary K fluorescence (i.e., fluorescent Ca X-rays may induce some fluorescence of K in addition to that caused by incident solar X-rays because of the proximity of the Ca K a emission energy, 3.69 keV, to the K K-edge absorption energy, 3.61 keV). Peplowski et al. [2012] reported spatial variations in the surface abundance of K in Mercury's northern hemisphere and, in particular, showed that an area approximately, but not precisely, corresponding to the northern plains contains more K ($2000 ppm) than the surrounding terrain ($500 ppm). Although this variation provides further evidence for the compositional differences between terrain types reported here, the low abundance of K is insufficient to account entirely for the Al-bearing phase(s) on Mercury's surface, which are likely to be dominated by Ca-and Nabearing feldspars. It should also be noted that Peplowski et al.
[2012] did not find the Caloris basin to be a region of high K abundance. Peplowski et al. [2012] hypothesized that the observed variation in the abundance of K across Mercury's northern hemisphere is dominantly the result of a surface heating process that mobilizes and redistributes K from equatorial and hot-pole regions to the exosphere and/or the polar regions. If K is more susceptible to these thermal mobilization processes than the elements measured by XRS, then the compositional similarity between the northern plains and Caloris interior smooth plains units as observed by XRS together with the differences in K abundance measured by GRS lends credence to their hypothesis.
[27] Stockstill-Cahill et al. (submitted manuscript, 2012) utilized the MELTS program [Ghiorso and Sack, 1995; Asimov and Ghiorso, 1998 ] to model the crystallization of candidate magmas on Mercury having compositions derived from XRS and GRS measurements of surface elemental abundances. They found that the surface of Mercury is most similar to terrestrial magnesian basalts (with MgO content adjusted to account for the low FeO on Mercury's surface) and is likely to be mineralogically dominated by Mg-rich orthopyroxene (enstatite) and plagioclase. High degrees of partial melting in the source regions are required to have produced such Mg-rich lavas; the derived melt would have erupted at high temperatures and with low viscosities. The MELTS modeling is not calibrated for the high S concentrations and low oxygen fugacity inferred to have existed during Mercury's early history. For this reason, S was removed (with Mg and Ca, according to the proportions reported by Nittler et al. [2011] and McCoy et al. [1999] ) from the bulk compositions modeled in their work. Stockstill-Cahill et al. (submitted manuscript, 2012) suggested that Mercury's surface has a sulfide abundance of 2-3 wt%. Their modeling also indicated that Ca on Mercury's surface is mostly contained within anorthositic plagioclase feldspar, although this finding may change when similar calculations are conducted with the most recent Na abundance estimates from GRS.
Northern Plains Versus IcP-HCT
[28] Some of the geochemical differences between the northern plains and the surrounding IcP-HCT are summarized in Table 3 . In terms of elemental abundances the two terrains appear to be distinct, with the northern plains regions characterized by lower abundances of Mg, Ca, and S, and higher Al and K. One possible explanation for the lower Mg/Si ratios in the northern plains is Fe substitution for Mg in mafic minerals. To account for the $6 wt% difference in Mg between the two terrains, a substitution of $2.5 wt% Fe ($3.2% FeO) into the mafic silicates in the northern plains is required. Even such an FeO content is consistent with the upper limits imposed by the absence of a 1 mm absorption band in reflectance spectra of Mercury's surface ($6 wt% FeO for mature material [Vilas, 1988; Blewett et al., 2002] , and $3 wt% FeO for fresh material [McClintock et al., 2008] ). However, the higher albedo of the northern plains [Denevi et al., 2009] compared with that for IcP-HCT does not suggest a higher Fe content. Fe abundance estimates from XRS data can be made only during the most energetic flares and from integrations sufficiently long to provide good signal-to-noise ratios in the GPC spectra. The short integration times involved in the acquisition of our high-spatial-resolution data make it difficult to estimate Fe abundances at the same resolution as for those elements with lower atomic numbers. To obtain Fe abundance estimates for a number of sites over the surface of Mercury, several consecutive integrations must be summed and then modeled.
[29] The bimodality of the compositional data noted in section 4 for the IcP-HCT suggests that the older crust on Mercury is heterogeneous. It appears that the older terrains consist of at least two distinct lithologies: (i) an ultramafic composition consisting mainly of enstatite with some plagioclase and oldhamite; and (ii) a more typical basalt with some sulfide content, i.e., a composition more similar to that of the northern plains material (see Figures 4a, 4c, and 4d) . Determination of surface composition from solar flares that occur when MESSENGER is closer to apoapsis, as well as from more quiet-Sun data (for Mg/Si and Al/Si ratios), will help determine if this bimodality in composition applies globally, and if differences in composition correlate with geological units mapped on the basis of spectral reflectance, morphology, stratigraphy, or topography.
[30] The chemical differences between the northern plains and surrounding terrain provide possible insight into the evolution of Mercury's mantle. The lower Mg content of the northern plains suggests that this material derives from a source that was more evolved (i.e., Mg-depleted) and cooler than that which produced much of the older material in the IcP-HCT. This inference is consistent with the younger age of the northern plains [Head et al., 2011] (Table 3) . Partial remelting of a komatiitic source produces a MORB-like composition. If the northern plains were a product of remelting of the source region for the older IcP-HCT (more komatiitic on average), the trends between the two populations would be similar in direction to the komatiite-MORB trends in Figures 4 and 6 . This pattern is not observed; therefore it is more likely that the lavas of the two terrains derived from different portions of Mercury's mantle. By this reasoning, earlier, higher degrees of partial melting yielded the high-temperature magmas that typically formed the IcP-HCT, and later melting of separate portions of the mantle, at lower temperatures and degrees of partial melting, produced the magmas that formed the northern plains (and the plains interior to the Caloris basin).
Possible Meteorite Analogues for Mercury
[31] It has been suggested [Burbine et al., 2002; Nittler et al., 2011] that Mercury accreted from precursor materials that were similar in composition to the enstatite chondrites, albeit with higher bulk Fe content to account for the planet's high density. An alternative hypothesis is that the enstatite chondrite parent body and Mercury may have accreted independently from material of similar composition [e.g., Ebel and Alexander, 2011] . Aubrites are thought [e.g., Mittlefehldt et al., 1998 ] to be related to the enstatite chondrites as they share similar mineralogies [Keil, 1968; Watters and Prinz, 1979] and oxygen isotope compositions [Clayton et al., 1984] . Aubrites consist mainly of enstatite and minor amounts of plagioclase, diopside, olivine, metallic Fe-Ni, and sulfides [Watters and Prinz, 1979] . They are interpreted as representing the residual silicates after the partial melting of a highly reduced source and removal of the basaltic material, and they have been proposed as a possible meteoritic analogue to Mercury's surface composition [Burbine et al., 2002] .
[32] The MgO-CaO-Al 2 O 3 ternary plot in Figure 6 compares the compositional data for the northern plains and IcP-HCT with enstatite chondrite partial melt [McCoy et al., 1999] and aubrite [Watters and Prinz, 1979] compositions. The high-temperature partial melts (representing high degrees of partial melting) of the enstatite chondrite Indarch provide a generally good match to our data. Figure 7a highlights additional similarities in elemental abundances (relative to CI chondrites) between the Indarch high-temperature partial melts and the surface composition of Mercury. The Mercury abundances generally fall within the range exhibited by the 1400 C and 1500 C partial melts, although the S content on Mercury's surface is lower than that within the melt compositions, and the poorly constrained surface Fe content appears to be considerably higher. The aubrite elemental abundances are not a close match to Mercury surface compositions. That the surface of Mercury is more similar to basaltic melt derived from an enstatite-chondrite-like source region than to the residual silicates such as the aubrites are thought to represent is consistent with the widespread presence on Mercury of volcanic plains [Denevi et al., 2009] . McCoy et al. [1999] suggested that partial melting of enstatite chondrite material would produce broadly basaltic (enstatite-plagioclase) compositions, with substantial amounts of crystallized sulfides; their conclusion is in qualitative agreement with our findings (see section 5.1). However, the use of partial melts of enstatite chondrites as compositional analogues for Mercury surface material does not account for the lower Fe abundances of the former. It is possible that the surface of Mercury contains almost no indigenous Fe and that much of what is present has been exogenously delivered by meteoroid impacts.
Mercury Compared with Earth and the Moon
[33] The early orbital XRS results ] indicated important differences between the crustal composition of Mercury and those of Earth and the Moon. The findings that the surface of Mercury is richer in Mg and S, and poorer in Al, Ca, and Fe are corroborated by the work presented here, as highlighted in Figures 4, 6 , and 7. The description of Mercury's surface as intermediate in composition between komatiites and typical basalts remains broadly applicable, at least in terms of Mg, Al, and Ca, although Stockstill-Cahill et al. [submitted manuscript, 2012] have suggested that a noritic composition (orthopyroxene and labradorite) may be a more appropriate description. In any case, it is clear that the high abundance of S and the low Fe content on Mercury's surface are unlike typical crustal rocks found on either Earth or the Moon.
Conclusions and Future Work
[34] The analysis and categorization of 205 spatially resolved XRS measurements have demonstrated that the major element composition of Mercury's northern smooth plains differs from that of the older surrounding terrain. The older terrain generally has higher Mg/Si, S/Si, and Ca/Si ratios, and a lower Al/Si ratio, than the northern plains. Mercury's surface mineralogy is dominated by high-Mg mafic (mostly enstatite) and plagioclase feldspar (calcic and sodic) phases, with smaller amounts of sulfide minerals (e.g., oldhamite). The smooth plains within the Caloris basin are similar in composition to the northern plains. The elemental abundance differences between these two large expanses of smooth plains and older terrain indicate that the lavas which formed the smooth plains were more chemically evolved and had different mantle sources than the magma from which Mercury's older areas of crust were derived. High-degree partial melts of enstatite chondrite material are a generally good compositional and mineralogical match, albeit with less iron, for much of the surface of Mercury.
[35] How the northern plains compare compositionally to the other smooth plains units that are globally distributed over the rest of Mercury's surface is a major question we can only begin to address. Answering this question will require the acquisition and analysis of additional, more globally distributed XRS spectra for which the footprints fall entirely within other smooth plains units. From the small amount of data analyzed for Caloris basin it appears that its interior smooth plains are similar in major-element composition to [Watters and Prinz, 1979] (circles), and (iii) fields of terrestrial komatiites (Geochemical Rock Database) and mid-ocean ridge basalts (MORB) [Jenner and O'Neill, 2012] . the northern smooth plains, but more data are required to confirm this finding. Additional comparisons will enable a more complete view of Mercury's surface compositions and likely mantle sources. Additional petrologic modeling studies, accompanied by melting experiments of relevant materials, would also help to enhance the scientific return from the remote sensing data sets.
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